The Weibao copper-lead-zinc skarn deposit is located in the northern East Kunlun terrane, NW China. Igneous intrusions in this deposit consist of barren diorite porphyry (U-Pb zircon age of 232.0 ± 2.0 Ma) and ore-bearing quartz diorite and pyroxene diorite (U-Pb zircon ages of 223.3 ± 1.5 and 224.6 ± 2.9 Ma, respectively). Whole-rock major and trace element and accessory mineral (zircon and apatite) composition from these intrusions are studied to examine the different geochemical characteristics of orebearing and barren intrusions. Compared to the barren diorite porphyry, the ore-bearing intrusions have higher Ce 4+ /Ce 3+ ratios of zircon and lower Mn contents of apatite, indicating higher oxidation state. Besides, apatite from the ore-bearing intrusions shows higher Cl contents and lower F/Cl ratios. These characteristics collectively suggest the higher productivity of ore-bearing quartz diorite and pyroxene diorite. When compared with ore-bearing intrusions from global porphyry Cu deposits, those from Cu-Pb-Zn skarn deposits display lower Ce 4+ /Ce 3+ and Eu N /Eu N * ratios of zircon and lower Cl and higher F/Cl ratios of apatite. We conclude that these differences reflect a general geochemical feature, and that zircon and apatite composition is a sensitive tool to infer economic potential of magmas and the resulting mineralization types in intrusion-related exploration targets.
Introduction
Zircon and apatite are widespread accessory minerals in intermediate to felsic igneous rocks and are resistant to hydrothermal alteration and physical and chemical weathering Uher and Cerny 1998; Belousova et al. 2001 Belousova et al. , 2002a Ballard et al. 2002; Belousova 2006; Mao et al. 2016) . During the last decade, a large number of studies have illustrated that the composition of zircon and apatite can well reflect information of their host rocks Belousova et al. 2002a, b; Breiter and Skoda 2012; Burnham and Berry 2012; Cao et al. 2012; Seifert et al. 2012; Trail et al. 2012; Bruand et al. 2017 ) and may be effective as indicator minerals in porphyry exploration (Ballard et al. 2002; Liang et al. 2006; Li et al. 2012; Han et al. 2013; Qiu et al. 2013; Zhang et al. 2013; Zhang et al. 2017) . The origin and evolution of ore-forming magmas of skarn deposits are, in many aspects, similar to those of porphyry deposits (Sillitoe and Bonham 1990; Baker et al. 2004; Meinert et al. 2005; Mao et al. 2006; Sillitoe 2010) , which means that zircon and apatite may also be applied to exploration of skarn deposits.
The Qimantagh metallogenic belt (QMB), located in the East Kunlun Mountains, NW China, is one of the most important and promising exploration areas for porphyry-/skarnrelated Cu-Pb-Zn-Fe deposits in China (Fig. 1a) (Feng et al. Editorial handling: R. Hu
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00126-017-0787-8) contains supplementary material, which is available to authorized users. 2010 Zhao et al. 2013) , with occurrence of many medium-to large-scale skarn deposits, such as the Weibao Cu-Pb-Zn deposit (Gao et al. 2014b; Zhong et al. 2017a ), the Hutouya Cu-Pb-Zn deposit (Feng et al. 2011; Qu et al. 2015) , the Galinge Fe deposit (Yu et al. 2015) , and the Yemaquan Fe deposit (Gao et al. 2014a ). There is a consensus that mineralization is mainly related to Middle to Late Triassic granitoids that are widespread in the QMB (Feng et al. 2012) . Nevertheless, published studies also showed that not all Middle to Late Triassic intrusions occurring in the QMB were ore-bearing. Understanding the distinct geochemical patterns between ore-bearing and barren intrusions in the QMB is very important since it can enhance the knowledge about the role of magmas in the formation of those deposits and provide useful information for mineral exploration in this area. So far, few studies have exclusively examined the geochemical differences between Middle to Late Triassic ore-bearing and subproductive and barren intrusions in the QMB.
The Weibao Cu-Pb-Zn deposit is typical of skarn exploration targets in the QMB, with the igneous intrusions occurring in this deposit being texturally and mineralogically similar to those in other skarn deposits of the QMB. In this study, the major and/or trace element composition of zircon and apatite from three Late Triassic igneous rock units in the Weibao deposit is examined using electron microprobe analysis (EMPA) and laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS). Whole-rock geochemical and geochronological data of these intrusions are also presented. Combined with previously published data, we attempt to (1) define the temporal constraints on the sequence of Late Triassic igneous rocks in the QMB and (2) examine the different geochemical characteristics of ore-bearing and barren magmas in the Weibao deposit. Besides, by comparing zircon and apatite composition of Cu-Pb-Zn skarn deposits with that of porphyry Cu deposits, we try to evaluate the application of zircon and apatite as indicator minerals in mineral exploration.
Geological setting

Geology of the QMB and the Weibao deposit
The QMB in the East Kunlun Mountains, NW China, is a Phanerozoic Fe-Cu-Pb-Zn (-Ag) skarn belt that extends for about 550 km in NW-SE direction (Fig. 1a, b) (Feng et al. 2010) . The major skarn deposits include Weibao, Hutouya, Fig. 1 a Simplified geological map of the Qimantagh area and its adjacent districts (modified after Zhong et al. 2017a; and references therein) . b Geological map of the northern Qimantagh magmatic arc showing the locations of main skarn and porphyry deposits/prospects (modified after Feng et al. 2011; Fang 2015; and Zhong et al. 2017a) Galinge, Yemaquan, and Kaerqueka (Fig. 1b) (Feng et al. 2011; Gao et al. 2014a; Yu et al. 2015; Zhong et al. 2017a) . Porphyry mineralization also occurs in this belt, and typical deposits and prospects include Yazigou, Wulanwuzhuer, and Mohexiala (Li et al. 2008; Xu et al. 2014) . The basement of this belt is composed of the Jinshuikou, Xiaomiao, and Binggou Groups of Archean-Proterozoic age. The dominant host rocks for skarn mineralization are the Mesoproterozoic Langyashan Formation, Ordovician-Silurian Qimantagh Group, and minor Carboniferous strata, which are mainly carbonate rocks and mafic-intermediate clastic rocks in composition.
Fault systems widely occur in the QMB. The faults striking west, west-northwest, and northwest are interpreted to be produced before and/or during the skarn mineralization, therefore, usually controlling economic mineralization (Feng et al. 2010) . The north-and northeast-striking fault systems are generally post-skarn and post-mineralization, but likely control the emplacement of post-skarn intrusions (Feng et al. 2010) . Besides, the earlier fault systems are likely reactivated by subsequent tectonic activities.
Intermediate-felsic intrusions, including (porphyritic) syenogranite, monzogranite, granodiorite, (porphyritic) granite, quartz diorite, and pyroxene diorite, are volumetrically the most abundant igneous rocks in the QMB (Li et al. 2008; Wang et al. 2009; Feng et al. 2011 Feng et al. , 2012 Chen et al. 2012) . Besides, basalts, andesite, rhyolite, dacite, and mafic dikes also occur (Zhong et al. 2017a) . Geochronological data illustrated that these igneous rocks were mainly formed in the Silurian-Devonian and Triassic (Feng et al. 2012; Gao et al. 2014a; Zhou et al. 2016) , with the latter being predominant.
The Weibao deposit, located in the west of the QMB, is an intermediate Cu-Pb-Zn-(Ag) skarn deposit, with a total resource of 33 million metric tonnes (Mt) at average grade of 0.15% Cu, 1.01% Pb, 1.22% Zn, and 9.01 g/t Ag. It comprises three ore blocks, known as Weixi, Main, and Weidong from west to east (Fig. 2a) . Previous exploration revealed that Cu mineralization primarily occurred at Weixi, whereas the other two ore blocks were mainly characterized by Pb-Zn mineralization (Zhong et al. 2017a) . However, based on new data from deep drill holes and geophysical surveys, a great deal of Cu mineralization is also found in the subsurface of Weidong, indicating the similarity between Weixi and Weidong.
In spite of the spatial variations of mineralization, the orebodies in the Weibao deposit are all hosted by the Mesoproterozoic Langyashan Formation that predominantly consists of limestone, marble, skarn, schist, pyroclastic rocks, and minor siltstone (Fig. 2) , although minor mineralization can also be found in Middle Devonian basaltic lavas. Spatially, these rocks are unconformably overlain by the Triassic Elashan Formation and underlain by the Paleoproterozoic Baishahe Formation (Fig. 2) . The Elashan Formation is mainly composed of andesite, dacite, rhyolite, and pyroclastic rocks, whereas the Baishahe Formation dominantly consists of gneiss, marble, and amphibolite manifesting amphibolite and granulite facies metamorphism. Both the Elashan and Baishahe Formations are nonreactive and do not host significant skarn mineralization. More detailed descriptions about stratigraphy, structure, alteration, and mineralization in the Weibao deposit can be found in Fang (2015) and Zhong et al. (2017a) .
Igneous rocks in the Weibao deposit
Based on previous geological mapping and drill intersections, the Weibao deposit is characterized by a wide range of igneous rocks similar to those observed in other skarn and porphyry deposits in the QMB. Quartz diorite (also referred to as granodiorite by Zhou et al. 2015) and pyroxene diorite (also referred to as granite by Fang 2015) are volumetrically the most abundant igneous rocks at Weixi and Weidong, respectively (Fig. 2b, c) . Major constituents of quartz diorite are oscillatory zoned plagioclase, hornblende, biotite, magnetite, quartz, and minor pyroxene. Besides, it locally contains macroscopic mafic micro-granular enclaves (MMEs), which are regarded as evidence of magma mixing . Pyroxene diorite predominantly consists of oscillatory zoned plagioclase, hornblende, biotite, magnetite, and less quartz and more pyroxene than in quartz diorite. Quartz diorite and pyroxene diorite intruded the host rocks (i.e., the Langyashan Formation; Zhong et al. 2017a) and are believed to have resulted in alteration and mineralization in the Weibao deposit (Fang 2015; Zhou et al. 2015) . This is firmly evidenced by an observed alteration (Fig. 3a, c ) and disseminated sulfides, e.g., galena (Fig. 3d) , sphalerite, chalcopyrite (Fig. 3e) , and pyrite ( Fig. 3e) , in those two intrusions. Diorite porphyry is also relatively abundant in the Weibao deposit and normally intercepted by deep drill holes. It is texturally heterogeneous, and in some interceptions, abruptly transitions to diorite with fine-grained textures. Mineralogically, it contains phenocrysts of oscillatory zoned plagioclase, hornblende, biotite, and minor quartz and pyroxene in a groundmass of plagioclase and biotite. Unlike quartz diorite and pyroxene diorite, no economic mineralization is found in diorite porphyry and it has no recognized genetic relationship to skarn or mineralization in the Weibao deposit, although strong sericitic alteration in diorite porphyry can also be locally observed (Fig. 3b) . Crosscutting relationships among these three intrusions are not observed.
Apart from the igneous rocks mentioned above, mafic and aplite dikes are also found in the Weibao deposit (Zhong et al. 2017a) . Mafic dikes are observed in the whole mine area (Fig. 2b, c) , ranging from several 10 cm to several meters in width. Texturally, they are fine-grained with mafic minerals altered by chlorite, carbonate, and epidote. Aplite dikes, however, mainly crop out at Weixi and are normally fine-grained, moderately porphyritic, up to several meters in width. These rocks are as yet undated but are inferred to be post-skarn because they are observed locally cutting the skarn and orebodies in the Weibao deposit.
Sampling and analytical methods
Sampling
Igneous rocks studied in this work are quartz diorite, pyroxene diorite, and diorite porphyry. The first two igneous rocks are ore-bearing, whereas the diorite porphyry is representative of the barren intrusions in this deposit. More than 50 igneous rock samples were collected. Eight least altered samples were selected for geochronological and/or geochemical analysis based on careful examination under the polarizing microscope. Detailed descriptions of these samples in terms of mineralogy and alteration are listed as an electronic supplementary material (ESM 1: Table S1 ).
Zircons were separated from three samples, i.e., WX51 (quartz diorite), ZK8312-7 (diorite porphyry), and WD53 (pyroxene diorite), using magnetic and heavy liquid separation. Approximately, 300 zircon grains from each sample were mounted and polished in 25-mm epoxy discs. Unlike zircon, apatite grains used in this study were not separated by standard mineral separation techniques; rather, they were selected by employing optical and back-scattered electron (BSE) microscopy in polished thin sections. This approach combines the detailed textural relationships between apatite and the host phases, allowing for a more precise interpretation for apatite composition. For whole-rock major and trace element analysis, about 1 kg of each sample was trimmed to remove weathered surfaces, cleaned with deionized water, crushed and then powdered with an agate mill.
CL images and U-Pb dating
The internal zoning patterns of the zircon crystals were observed by cathodoluminescence (CL) image analysis at the Institute of Mineral Resources, Chinese Academy of Geological Sciences (CAGS), Beijing, China. Using a combination of CL images and optical microscopy, the clearest, least fractured zircon crystals were selected as suitable targets for laser ablation.
In-situ U-Pb analysis for sample WD53 was carried out by the Cameca IMS-1280 secondary ion mass spectrometer (SIMS) at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing, China, whereas that for samples WX51 and ZK8312-7 was carried out by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Continental Tectonics and Dynamics, CAGS. The beam sizes are of 30 μm diameter for SIMS dating and 35 μm diameter for LA-ICP-MS dating. Instrumental conditions and detailed measurement procedures for SIMS and LA-ICP-MS analysis are the same as those described by Li et al. (2010) and Hou et al. (2009) , respectively. Data processing was carried out using the Squid and Isoplot programs of Ludwig (2001) and the measured 204 Pb was used for the correction of common lead with the two methods.
Major and trace element analysis of whole-rock
Major and trace element analysis of whole-rock was done at National Research Center of Geo-analysis, CAGS. Major Fig. 3 Photographs of main igneous rocks in the Weibao deposit. a Quartz diorite from Weixi with plagioclase altered by sericite and mafic minerals (biotite and amphibole) altered by chlorite (cross-polarized light). b Diorite porphyry from Weixi with biotite and plagioclase strongly altered by chlorite and sericite respectively (cross-polarized light). c Pyroxene diorite from Weidong with mafic minerals (pyroxene, biotite, and amphibole) altered by sericite and chlorite (cross-polarized light). d Galena in quartz diorite (reflected light). e Chalcopyrite and pyrite in pyroxene diorite (reflected light). Abbreviations: Amamphibole, Bt-biotite, Chl-chlorite, Gn-galena, Pl-plagioclase, Px-pyroxene, Py-pyrite, Qz-quartz oxides were analyzed with a wavelength X-ray fluorescence spectrometer (3080E), with FeO and loss-on-ignition analyzed by wet chemical methods. Analytical uncertainties were better than 0.5% for all major elements. Trace elements were analyzed with an X-Series inductively coupled plasma mass spectrometer (ICP-MS; Thermo Fisher, USA). The measurement of error and drift were controlled by regular analysis of standard samples with a periodicity of 10%. Analyzed uncertainties of ICP-MS data at the ppm level were better than 10%.
BSE imaging and major element analysis of apatite BSE imaging and major element analysis of apatite were performed using electron-probe microanalysis (EPMA) at the Electron Probe Laboratory, CAGS, using a JEOL JXA-8800 instrument with a 2-to 5-μm-diameter beam. F, Na, and Cl were analyzed with a 4-nA beam current and 10-kV accelerating voltage in the first instrumental pass; the remaining elements were measured utilizing a 20-nA beam current and 20-kV accelerating potential in the second instrumental pass. Natural minerals and synthetic oxides were used as standards, and the ZAF software provided by JEOL was used to correct matrix effects. The accuracy of the analytic results is 1-5% depending on the abundance of the element.
Trace element analysis of zircon and apatite
Trace element analysis of zircon and apatite was performed using a LA-ICP-MS at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences (IGCAS), Guiyang, China. Laser sampling was accomplished employing a 193-nm ArF excimer laser connected to an Agilent 7700× quadruple ICP-MS. Laser ablation was operated at a relatively constant frequency of 6 Hz, with the spot diameter of 44 μm for zircons from samples WX51 and ZK8312-7 and of 32 μm for zircons from sample WD53 and apatite from three samples. Each analysis incorporated a background acquisition of approximately 20 s (gas blank) followed by 60 s data acquisition from the sample. The Agilent Chemstation was utilized for the acquisition of each individual analysis. Corrections of zircon data were made for mass bias drift which was evaluated by reference to standard glass NIST 610, and trace-element concentrations were obtained by normalizing count rates for each analyzed element to those for Si, and assuming SiO 2 to be stoichiometric in zircon with a concentration of about 32.8 wt% (Ballard et al. 2002) . P and Ca, and K and Th were used in this study to evaluate the possible involvements of mineral inclusions (apatite, K-feldspsar and monazite, respectively); when spiders of these elements are encountered, the analysis was discarded. Besides, the analysis spots showing high P contents (> 1000 ppm) were also discarded even though spiders of P were not observed, since they might be contaminated by even-distributed, micro-metric apatite inclusions.
Trace element contents of apatite were obtained through calibration of relative element sensitivities using the NIST-610, NIST-612, and NIST-614 glass as the external standard, and normalization of each analysis to the electron microprobe data for 43 Ca as an internal standard. Where direct electron microprobe data were not available, the median Ca content from other apatite crystals within the same sample was used in the calculation. The preferred values of element concentrations for the USGS reference glasses are from the GeoReM database (http://georem.mpch-mainz.gwdg.de/). Off-line selection and integration of background and analyte signals, and time-drift correction and quantitative calibration were performed by ICPMSDataCal .
Results
Zircon U-Pb age
Zircon crystals from three igneous rock samples display a variety of sizes, morphology, and colors ranging from clear to pale yellow. Typical CL images of zircon are shown in ESM 2; U-Pb dating data are summarized in ESM 1 (Table S2) .
Diorite porphyry: Sample ZK8312-7 contains clear to pale, euhedral to subhedral, nearly granular (normally 200 to 400 μm in size) zircons which display concentric zonation patterns under CL (ESM 2). These zircons contain many mineral inclusions, which are predominantly composed of apatite, and to a lesser extent K-feldspar, as indicated by the energy dispersive spectrum analysis. Twenty single grains of zircon were analyzed by LA-ICP-MS, giving a wide range in uranium (147-571 ppm) and thorium (90-778 ppm) contents, as well as Th/U ratios ranging from 0.50 to 1.36 (ESM 1: Table S2 ). They define a linear array on the concordia diagram (ESM 2) and are anchored by a cluster of concordant analyses, yielding a weighted mean Quartz diorite: Most zircons in sample WX51 are pale yellow to light brown, elongated and tabular (150 × 50 to 300 × 150 μm in size); some zircons are granular with a size of < 200 μm (ESM 2). In spite of these discrepancies, they both display systematic zircon growth patterns. The energydispersive spectrum analysis manifests that minor apatite and K-feldspar inclusions occur within the studied zircons. Similar to sample ZK8312-7, 20 zircon grains from sample WX51 were analyzed by LA-ICP-MS. These zircon grains display relative uniform U and Th contents, ranging from 215 to 491 ppm and 86 to 283 ppm, respectively (ESM 1: Table S2 ). Th/U ratios range from 0.39 to 0.62. These zircon grains give a weighted mean 206 Pb/ 238 U age of 223.3 ± 1.5 Ma with an MSWD = 0.67 (ESM 2). This age is interpreted to be the age of crystallization of quartz diorite. However, this age is slightly younger than the previously reported SIMS zircon UPb age of 227.7 ± 3.1 Ma (MSWD = 2.8) . It is possible that the observed age range in this unit reflects a long-lived magma system, rather than only differences in dating methods considering that sampling sites were different in each case , and taking into account the batholithic size of the quartz diorite at Weixi. Another interpretation is that the previously obtained age is overestimated considering the probable influence of an older zircon core (ESM 2) and the large MSWD value.
Pyroxene diorite: Zircons from sample WD53 are primarily light brown, subhedral, smaller in size (mostly < 200 μm) and less abundant compared to those from the other two samples (ESM 2). Besides, few mineral inclusions (e.g., apatite and Kfeldspar) are observed within the studied zircons. Nevertheless, they also exhibit well-developed concentric growth bands. Ten zircon grains were analyzed by SIMS. For seven zircon grains used for the age calculation, U and Th contents range from 127 to 736 ppm and 65 to 444 ppm, respectively (ESM 1: (Zhong et al. 2017a) or intrusions associated with that magmatic episode, and the latter probably reflecting incorporation of wall rocks (e.g., the Baishahe Formation) in the Weibao district.
Overall, U-Pb ages reported herein demonstrate Late Triassic magmatism in the Weibao deposit, with igneous rock ages broadly ranging from 232 to 224 Ma.
Whole-rock major and trace elements
The results of whole-rock major and trace elements are shown in ESM 1 (Table S3) . Two ore-bearing intrusions (quartz diorite and pyroxene diorite) in the Weibao deposit are characterized by low SiO 2 (52.04 to 61.34 wt%) and K 2 O (1.77 to 3.02 wt%), and high T Fe 2 O 3 (7.10 to 9.07 wt%) and MgO (2.76 to 4.12 wt%). The barren diorite porphyry, however, is characterized by much higher SiO 2 (63.01 to 63.22 wt%) and K 2 O (4.34 to 4.78 wt%), and lower T Fe 2 O 3 (3.86 to 3.97 wt%) and MgO (1.03 to 1.05 wt%) compared to the two ore-bearing intrusions. In the SiO 2 vs. K 2 O diagram (Fig. 4a) , the two orebearing intrusions plot in the field of high-K calc-alkaline granitoids, whereas the diorite porphyry plots in the field of shoshonitic rocks. All three intrusions are characterized by light rare earth element (LREE)-enriched patterns, as manifested in the chondrite-normalized rare earth element (REE) diagram (Fig. 4b) . The geochemical implications from the whole-rock composition are, however, somewhat compromised by the widespread alteration within these intrusions, as suggested by the high weight loss on ignition (LOI) (1.59-3.51 wt%).
Zircon trace elements
Analytical data of trace elements for zircons from the Weibao intrusions are summarized in ESM 3.
ZrO 2 contents in zircons of diorite porphyry (sample ZK8312-7; 58.87 to 66.01 wt%) are lower than the stoichiometric ZrO 2 concentration of~67.22 wt% in zircons, which might indicate strong cation substitution. In contrast, ZrO 2 contents in zircons of quartz diorite (sample WX51) and pyroxene diorite (sample WD53) are relatively high and can exceed the maximum ZrO 2 concentration of zircon, with Rb and Sr contents of zircons from three samples are similar and typically less than 10 ppm. Other trace elements in the studied zircons, however, may vary over several orders of magnitude. Th and U contents range from tens of ppm to thousands of ppm, with the highest values in quartz diorite. Hf concentrations are at thousands of ppm, with average values of 7532 ppm for diorite porphyry, 9434 ppm for quartz diorite, and 7523 ppm for pyroxene diorite.
Chondrite-normalized REE abundances for zircons from each rock type are shown in Fig. 5 . Chondrite-normalized REE diagrams of zircons from diorite porphyry have some scatter in LREE contents (Fig. 5a) . The more elevated LREE contents may represent inherited grains or portions of grains. In contrast, zircons from quartz diorite and pyroxene diorite show consistent and steeply increasing chondrite-normalized REE diagrams from La to Lu with strongly positive Ce anomalies and negative Eu anomalies (Fig. 5b, c) 
Apatite major and trace elements
Typical BSE images of apatite from the intrusions in the Weibao deposit are shown in Fig. 7 . Analytical data of major and trace elements for apatite are summarized in ESM 3 and Fig. 8 .
Most apatite grains from the three intrusions in the Weibao deposit are euhedral, and no prominent zonation is observed (Fig. 7) . Apatite grains from quartz diorite (sample WX51) and pyroxene diorite (sample WD53) are generally elongated, tabular, 120 × 40 μm to 360 × 50 μm in size (Fig. 7b, c) , whereas those from diorite porphyry (sample ZK8312-7) are normally granular and smaller in size (mostly < 40 μm) (Fig. 7) . Apatite CaO contents show little variation with increasing whole-rock SiO 2 concentrations (Fig. 8a) , whereas P 2 O 5 is higher in the mafic end-members (Fig. 8b) . Fluorine contents are relatively high (ranging from 1.4 to 2.6 wt%) but indistinguishable between ore-forming and barren intrusions (ESM 3; Fig. 8c ). In contrast, chlorine contents are lower and are well distinguished between ore-forming and barren intrusions, with the former displaying higher Cl contents (0.4 to 1.0 wt%) (ESM 3; Fig. 8d ). Assuming that F − , Cl − , and OH − fill the anion site, the studied apatite indicates mainly F-OH , and FeO) in apatite rarely exceed 1 wt% (ESM 3) and are commonly below their detection limits.
V, As, Pb, Th, and U concentrations of the apatite range from less than 1 ppm to tens of ppm and do not show systematic variations between ore-forming and barren intrusions in the Weibao deposit (ESM 3). In contrast, Mn, Sr, and Y contents are much higher, ranging from hundreds of ppm to over several thousand ppm (ESM 3). Besides, Mn concentrations are much higher in diorite porphyry than in the ore-forming intrusions (quartz diorite and pyroxene diorite) (Fig. 8e) , although Sr and Y contents do not show systematical variations between ore-forming and barren intrusions (not shown). The studied apatite contains significant amounts of REE substituting for Ca, with total REE concentrations ranging from several thousand ppm to over 1 wt% in both barren and ore-forming intrusions in the Weibao deposit (ESM 3). The high trace element contents, as well as the high F contents, are indicative of the magmatic origin of the studied apatite (Mao et al. 2016; Cao et al. 2012; Patiño et al. 2011; Nash 1984) . In the chondrite-normalized REE diagrams (Fig. 9) , apatite from the individual intrusions identically displays a negative slope from La to Lu and strong negative Eu anomalies.
Discussion
Geochronology
Zircons from three intrusions in the Weibao Cu-Pb-Zn skarn deposit are predominantly euhedral and display clearly concentric zonation patterns under CL. The U-Pb dates for individual grains are concordant and the Th/U ratios are high (ranging from 0.40 to 1.36 with one exception). All these characteristics advocate that the studied zircons are of magmatic origin and their ages therefore can represent the time of magma emplacement.
The obtained U-Pb ages document multiple magmatic activities in the Weibao deposit. It extends back to~400 Ma, as evidenced by two concordant zircon grains of this age (spot WD53-2, 403.3 Ma; spot WD53-6, 392.5 Ma). This is consistent with our previous study that demonstrated the existence of Devonian magmatic activity in the Weibao deposit (Zhong et al. 2017a) . After a very long magmatic lull (~160 Ma), igneous activity in the Weibao deposit resumed at about 232 Ma with the emplacement of barren diorite porphyry (232.0 ± 2.0 Ma) at Weixi. The next stage of igneous activity is indicated by~224 Ma zircon U-Pb dates. During this new magmatic cycle, the ore-bearing intrusions were emplaced, which are characterized by quartz diorite at Weixi with the age of 223.3 ± 1.5 Ma and pyroxene diorite at Weidong with the age of 224.6 ± 2.9 Ma. These two ages are indistinguishable when errors are considered, indicating that the orebearing magmas were emplaced simultaneously or during a very short time span. As hydrothermal activity and mineralization in porphyry-skarn systems are intimately tied to emplacement of ore-forming intrusions (Razique et al. 2014) , the associated hydrothermal and mineralization events in the Weibao deposit probably have similar short durations of just a few million years or less.
At the regional scale, magmatism in the Weibao deposit coincides with that in other porphyry and skarn deposits/ prospects in the QMB. For instance, in the Yemaquan Fe skarn deposit the early stage of magmatic activity is characterized by Early to Middle Devonian monzogranite (393 ± 2 Ma; Gao et al. 2014a ) and granodiorite (400.8 ± 1.4 Ma to 386 ± Fig. 6 Zircon Eu N /Eu N * versus Ce 4+ /Ce 3+ diagram. Data for porphyry Cu deposits are from the Chuquicamata-El Abra porphyry copper belt (Ballard et al. 2002) , the Lower Yangtze River belt , the Dexin porphyry Cu deposit , the Yuhai porphyry Cu deposit , and the Kalmakyr porphyry Cu-Au deposit . All the intrusions are ore-forming except for the diorite porphyry from the Weibao deposit 1 Ma; Gao et al. 2014a; Qiao et al. 2016) , and the late stage of magmatic activity is characterized by porphyritic quartz monzodiorite (219 ± 1 Ma; Gao et al. 2014a) , syenogranite (213 ± 1 Ma; Gao et al. 2014a) , and granodiorite (220.53 ± 0.69 Ma; Qiao et al. 2016) . Similarly, in the Kaerqueka CuPb-Zn skarn deposit, two distinct igneous events were also demonstrated (Wang et al. 2009; Chen et al. 2012; Feng et al. 2012) . It should be noted that although Middle to Late Triassic igneous rocks in the QMB are volumetrically comparable to Paleozoic (mainly Early to Middle Devonian) igneous rocks at the regional scale, at the district and deposit scale, however, the former are volumetrically more predominant. Moreover, published molybdenite Re-Os and muscovite 40 Ar/
39
Ar dates in these skarn and porphyry deposits gave a similar time span ranging from 224 to 239 Ma (Li et al. 2008; Feng et al. 2011; Yu et al. 2015 ; and references therein), therefore also indicating that hydrothermal events in the QMB resulted from Triassic magmatic activity. It should be noted that Gao et al. (2014a) argued that both Middle Devonian magmatic activity and Late Triassic magmatic activity were closely related to ore-forming processes in the Hutouya deposit, which might mean two, rather than only one, mineralization events existed in the QMB. However, currently, this assumption still cannot be reliably determined due to lack of direct dating of sulfides and/or hydrothermal minerals in most deposits of the QMB.
Contrasts between ore-bearing and barren intrusions in the Weibao deposit
Magmatic oxygen fugacity
The magmatic oxygen fugacity is a key factor in controlling the magmatic fertility of porphyry deposits (Lehmann 1990; Wittenbrink et al. 2009; Sun et al. 2013 Sun et al. , 2015 Zhang et al. 2017; Zhong et al. 2017b ). There is a consensus that oxidized magmas are more favorable than reduced magmas in generating porphyry Cu deposits (Imai 2002; Liang et al. 2006; Lu et al. 2016; Li et al. 2017a) , considering that at higher oxygen fugacity, magmatic sulfur exists mainly as sulfate (SO 4 2− ) which has a much higher solubility in silicate melts than sulfide and will tend to delay or even prevent saturation of a magmatic sulfide phase (Ballard et al. 2002; Richards 2003) . When it comes to Cu (-Pb-Zn) skarn deposits, this is also applicable because of the similar magmatic origins and evolutions of porphyry and skarn deposits (Li et al. 2017b ).
The zircon Eu N /Eu N * and especially Ce 4+ /Ce 3+ ratios have been firmly demonstrated to be an effective proxy of the magmatic oxygen fugacity (e.g., Ballard et al. 2002; Liang et al. 2006; Li et al. 2012; Trail et al. 2012; Qiu et al. 2013; Xu et al. 2016; Gardiner et al. 2017) . In the Weibao Cu-Pb-Zn skarn deposit, the ore-bearing intrusions display higher zircon Ce 4+ / Ce 3+ values (> 12) than those of barren intrusions, although their Eu N /Eu N * ratios are indistinguishable. This indicates that compared to the barren diorite porphyry, the ore-bearing intrusions are much more oxidized and thus more productive for Fig. 7 a-c Back-scattered electron (BSE) images of typical apatite from the Weibao intrusions. Abbreviations: Ap-apatite, Am-amphibole, Cal-calcite, Pl-plagioclase, Px-pyroxene, Mt-magnetite, Musmuscovite Cu mineralization. Unlike Cu, Pb and Zn can behave as incompatible elements regardless of the redox state, which means that Pb-Zn mineralization can occur either at high oxygen fugacity or at relatively low oxygen fugacity. This is evidenced by many findings that both S-type (and thus low oxidation state) or I-type (and thus higher oxidation state) granitoids can form Pb-Zn deposits (e.g., Fu et al. 2017; Niu et al. 2017) . In other words, the oxidation state is not a controlling factor for Pb-Zn mineralization within the Weibao deposit.
Different from the Eu and Ce anomalies in zircon, the amplitude of these anomalies in apatite is probably more strongly controlled by other factors such as the crystallization of feldspars, and the presence of other accessory phases such as monazite and fluorite (Piccoli and Candela 2002) . Feldspar crystallization can concentrate Eu 2+ from the melt (Philpotts 1970; Pun et al. 1997) , whereas monazite and fluorite can concentrate Ce (Chesley et al. 1991) . Therefore, it was found that the correlation between the degree of the Eu and Ce anomalies of apatite and the oxidation state of the whole rock was rather weak (Piccoli and Candela 2002) . This study is such a case where apatite within barren and ore-bearing intrusions in the Weibao deposit shares similar ranges in Eu N /Eu N * (0.12 to 0.26) and Ce N /Ce N * ratios (1.01 to 1.12). All these observations indicate that Eu and Ce anomalies in apatite are not a good proxy of the oxidation state of magmas. Nevertheless, previous studies found that Mn concentrations in apatite appeared to be affected by the oxidation state, with high apatite Mn contents normally found in reduced magmas and lower Mn contents found in more oxidized magmas. (Belousova et al. 2001 (Belousova et al. , 2002b ; and references therein). Therefore, apatite will have elevated Mn content at low oxygen fugacity in which manganese exists principally as a divalent anion (Mn 2+ ). In the Weibao deposit, apatite within two ore-forming intrusions exhibits much lower Mn concentrations than within the barren diorite porphyry (Fig. 8e) , which therefore further demonstrates the higher oxidized state (and thus higher productivity) of ore-bearing magmas in the Weibao deposit. Fig. 8 a-e Correlation between major and trace elements in apatite and the whole-rock SiO 2 content. Note that whole-rock SiO 2 contents are from the average values of the corresponding intrusions
Halogen contents of magmas
Apart from the oxidation state, sthe abundance of halogens, especially fluorine and chlorine, is also of great importance for productive magmas since halogens can effectively complex and transport metals (e.g., gold, copper) (Piccoli and Candela 1994; Coulson et al. 2001; Webster et al. 2004 Webster et al. , 2009 Mathez and Webster 2005; Pan et al. 2016) . Numerous studies advocate that Cl-rich systems are more prospective for base and precious metal mineralization than Clbarren ones, indicating that Cl contents might be a potential proxy of the fertility of magmas (e.g., Roegge et al. 1974; Piccoli and Candela 2002; Mathez and Webster 2005) . Previous works demonstrated that halogen contents could be evaluated using the composition of apatite in igneous rocks (Mathez and Webster 2005; Webster et al. 2009 ). For mafic silicate melt containing less than~3.8 wt% Cl (1066 , experiments showed that D Cl apatite/melt (wt. fraction of Cl in apatite/Cl in melt) ≈ 0.8 and D F apatite/melt ≈ 3.4 (Mathez and Webster 2005) . The calculated Cl concentrations of the barren magma in the Weibao deposit range from 0.09 to 0.15 wt%, much lower than those of the ore-bearing magmas (ranging from 0.50 to 1.18 wt%), therefore further indicating that the two ore-bearing intrusions are more productive. In contrast, the calculated F contents of the barren and ore-bearing magmas are almost identical, ranging from 0.42 to 0.77 wt% and 0.41 to 0.72 wt%, respectively. This suggests that unlike Cl, F may not effectively control the extraction and transport of Cu, Pb, and Zn during the magmatic evolution, although it has a greater influence on the extraction and transport of Nb, Ta, Sn, and W Simons et al. 2017 ).
Copper productivity of magmas: Cu-Pb-Zn skarn deposits vs. porphyry Cu deposits
Contrasts in magmatic oxygen fugacity
In Fig. 6 , we compare the intrusions in the Weibao deposit with those in typical porphyry Cu deposits from the literature (Ballard et al. 2002; Wang et al. 2013; Zhang et al. 2013; Wang et al. 2017; Zhao et al. 2017) . It is clearly shown that the two ore-bearing intrusions in the Weibao deposit have much lower Ce 4+ /Ce 3+ ratios (mostly < 200) and Eu N /Eu N * ratios (< 0.3) than those from porphyry copper deposits (Fig. 6) , indicating that the Weibao Cu-Pb-Zn skarn deposit has much lower oxygen fugacity than porphyry Cu deposits. By examining the relationships between the oxygen fugacity and mineralization associated with Yanshanian granites in South China, Li et al. (2017b) also found that the granites related to Cu-Pb-Zn mineralization had distinctly lower oxygen fugacity than those related to porphyry Cu-(Au)-Mo mineralization. Li et al. (2008) proposed that the lower oxygen fugacity of magmas in Cu-Pb-Zn skarn deposits might result from assimilation of crustal materials. They argued that magmas generating the Cu-Pb-Zn mineralization were initially depleted in sulfur and acquired their sulfur through assimilation of crustal material, and so a relatively low oxygen fugacity could not cause significant precipitation of sulfides Fig. 9 a-c Chondrite-normalized REE diagrams of apatite in intrusions from the Weibao deposit in the early stages of the magmatic evolution. We do not know whether this explanation is correct, and additional data are needed to demonstrate it. Nevertheless, it is apparent that low oxygen fugacity of ore-bearing magmas for Cu-Pb-Zn skarn deposits is less favorable for Cu mineralization and, therefore, makes them less economic than porphyry Cu deposits when only copper resources are considered.
Contrasts in halogen contents of magmas
In Fig. 10 , we compare the F and Cl contents of apatite from the Weibao intrusions with those from other skarn Cu-Pb-Zn and porphyry Cu deposits of the world, and a systematical variation in apatite chlorine contents is shown. It can be seen that apatite Cl contents in ore-bearing intrusions of the Weibao deposit are similar to those of other skarn Cu-Pb-Zn deposits (e.g., Baoshan and Tongshanling in SE China), but much lower than those of typical porphyry Cu deposits of the world (mostly > 0.9 wt%), although their F contents show a similar and indistinguishable range. Consequently, apatite F/Cl ratios of porphyry Cu deposits are much lower (mostly < 2) than those of Cu-Pb-Zn skarn deposits. Since Cl contents of magmas are closely related to the fertility of magmas, the above results indicate that high Cl contents of magmas may be another key factor for significant Cu mineralization.
Implications for regional mineral exploration
Previous geological studies in the Weibao deposit revealed that it was comparable to other skarn deposits in the QMB in terms of host rocks, alteration, mineralization, and igneous rock types (Gao et al. 2014b; Fang 2015; Zhou et al. 2015; Zhong et al. 2017a) . In this study, we further confirm that magmatism in the Weibao deposit is similar to other skarn deposits in the QMB. This work shows that ore-bearing and barren intrusions in the Weibao deposit can be well distinguished by zircon Ce 4+ /Ce 3+ ratios and apatite Cl contents, with the former displaying higher zircon Ce 4+ /Ce 3+ ratios and apatite Cl contents. This might be a general feature of mineralized igneous rocks in the QMB, but it still awaits confirmation from data on deposits such as Kaerqueka, Hutouya in the QMB, which are in a similar geological setting. Besides, by comparing Cu-Pb-Zn skarn deposits with porphyry Cu deposits worldwide, our study shows that porphyry Cu deposits have much higher Ce 4+ /Ce 3+ (> 200) and Eu N /Eu N * ratios (> 0.3) of zircon and higher Cl contents of apatite (> 0.9 wt%) than Cu-Pb-Zn skarn deposits. If these results are confirmed by further works, then the measurement of Ce 4+ / Ce 3+ and Eu N /Eu N * ratios of zircon and Cl contents of apatite may provide a useful tool not only in discriminating between ore-bearing and barren intrusions at an early stage of exploration as previously suggested (e.g., Ballard et al. 2002) , but also in evaluating the potential mineralization types for a certain intrusion.
Conclusions
The barren diorite porphyry and ore-bearing quartz diorite and pyroxene diorite in the Weibao deposit can be well distinguished by zircon U-Pb ages and major and/or trace element composition of zircon and apatite. The ore-bearing intrusions were emplaced in a narrow time span from 224.6 ± 2.9 to 223.3 ± 1.5 Ma which is~8 m.y. later than that of the barren Fig. 10 Cl versus F/Cl diagram of apatite in the intrusions from CuPb-Zn skarn deposits and porphyry Cu deposits. Cu-Pb-Zn skarn deposits include Weibao (this study) and Baoshan and Tongshanling in SE China ; porphyry Cu deposits include Luoboling in SE China ) and Lepanto-FSE, Lobo-Boneng, Black Mountain, Dizon, and Taysan in the western Luzon arc, Philippines (Imai 2002) . All the intrusions are ore-forming except for the diorite porphyry from the Weibao deposit. The insert diagram shows the variations of F content with increasing Cl content of apatite diorite porphyry (232.0 ± 2.0 Ma). They show much higher zircon Ce 4+ /Ce 3+ ratios and lower apatite Mn contents than the barren intrusion, indicating a much higher oxygen fugacity. Besides, they also display higher Cl contents and lower F/Cl ratios than the barren intrusion. Since both the oxidation state and halogen contents of magmas are closely related to their metal productivity, this study advocates that the quartz diorite and pyroxene diorite intrusions in the Weibao deposit were more productive than the diorite porphyry intrusion. Moreover, combined with published data, it is shown that ore-bearing intrusions of Cu-Pb-Zn skarn deposits can be distinguished from those of porphyry Cu deposits by zircon Ce 4+ /Ce 3+ and Eu N /Eu N * ratios and apatite halogen contents. In summary, this study indicates two important applications of apatite and zircon as indicator minerals: (1) discrimination between ore-bearing and barren intrusions at an early stage of exploration and (2) evaluation of the potential mineralization types for a certain intrusion.
